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 ABSTRACT 
 The objective of this study was to quantify on-farm 
variation between and within cows in methane emis-
sions measured during milking, and to determine which 
factors are related to this variation. Methane emission 
rate during milking (MERm) was recorded at milking 
using methane analyzers installed in automatic (ro-
botic) milking stations for 215 cows over a period of 
5 mo. Between-cow variation in MERm (mean 2.07, 
SD 0.629 g/min), was greater than within-cow varia-
tion and was related to variation in body weight, milk 
yield, parity, and week of lactation. Estimation of daily 
methane emissions from MERm data, using an equa-
tion derived from comparisons with respiration cham-
ber data, produced estimates that ranged from 278 to 
456 g of CH4/d and were commensurate with values 
predicted from metabolizable energy requirements for 
observed body weight and milk yield. It is concluded 
that methane emissions vary considerably between 
dairy cows housed under commercial conditions. This 
variation needs to be taken into account when perform-
ing inventories or testing mitigation strategies, but it 
might offer opportunities for genetic selection. 
 Key words:   methane ,  dairy cow ,  environmental im-
pact ,  greenhouse gas inventory 
INTRODUCTION
 When calculating methane emissions by dairy cows 
for national greenhouse gas inventories, tier 1 meth-
odology assumes a fixed factor for all cows and tier 
2 methodology estimates methane output using gross 
energy (GE) intake predicted from milk yield (IPCC, 
2006). Both of these approaches lead to uncertainty 
in estimation of total emissions because methane out-
put varies with DMI (Grainger et al., 2007; Yan et al. 
2010) and diet composition (Beauchemin et al. 2009). 
Furthermore, measurements of methane output from 
animals in respiration chambers revealed considerable 
variability among individuals fed the same diet (Blax-
ter and Clapperton, 1965; Grainger et al., 2007). 
 High variability among individuals increases the level 
of replication required to obtain robust estimates of 
methane emissions or to assess the efficacy of mitigation 
strategies. On the other hand, if between-cow variation 
has a genetic component, then genetic variation offers 
the possibility to select cows for lower methane emis-
sions. 
 Respiration chambers provide accurate measures of 
methane emissions for limited numbers of individual 
animals under controlled conditions, but are impracti-
cal for use on a farm scale. The sulfur hexafluoride 
(SF6) tracer technique (Johnson et al., 1994) can be 
used under semi-commercial conditions to generate 
larger numbers of values for daily methane emissions by 
individual cows. The SF6 technique, however, requires 
a gas collection apparatus attached to the cow, inser-
tion of rumen boluses to release SF6, and frequent cow 
handling, all of which can interfere with cow behavior. 
 Measurement of methane produced through eructa-
tion by cows during milking is a noninvasive technique 
that has no effect on cow behavior or performance. In 
our previous study, methane emissions estimated by 
this technique were positively related to daily milk 
yield in 82 cows monitored at up to 6 milkings between 
the hours of 0800 and 1800 h and, for a further 12 cows 
monitored at each milking over a 10-d period, showed 
a high correlation with measurements of daily methane 
production made subsequently on the same cows in 
respiration chambers (Garnsworthy et al., 2012). Varia-
tion among cows was high, however, even at the same 
level of milk yield, suggesting a requirement for further 
investigation. The objective of the current study was 
to quantify on-farm variation between and within cows 
in methane emissions measured during milking, and to 
determine which factors are related to this variation. 
MATERIALS AND METHODS 
 Animal work was conducted under authority of the 
UK Animal (Scientific Procedures) Act 1986, and ap-
proval was obtained from the University of Nottingham 
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animal ethics committee before commencement of the 
study.
Animals, Management, and Methane Recording
All cows used in this study were Holstein-Friesians 
at the Nottingham University Dairy Centre (Sutton 
Bonington, Leicestershire, UK; average annual milk 
yield 10,000 L/cow). Housing, feeding, and milking 
procedures were as described for experiment 2 in Garn-
sworthy et al. (2012). For the current study, all cows 
were on the same feeding regimen, which consisted of 
a partial mixed ration (PMR; Table 1) fed ad libi-
tum, plus concentrates fed during milking in automatic 
milking stations (Lely Astronaut A3; Lely UK Ltd., St 
Neots, UK) at the rate of 1.6 kg/d plus 0.16 kg/L of 
milk yield above 23 L/d. Methane concentrations in air 
released by eructation were measured continuously at 
each milking and eructation data (peak area and fre-
quency) were used to calculate individual daily means 
for methane emission rate during milking (MERm), as 
described by Garnsworthy et al. (2012).
To examine variation in MERm between and within 
cows, MERm was recorded at each milking for 215 cows 
over a period of 5 mo to provide 14,533 daily mean 
values for MERm. Not all cows were present for the 
whole 5-mo period, due to the dynamic nature of the 
herd (cows calving, being dried off, or culled). Cows 
participating in experiments that involved a different 
feeding regimen were excluded from the data set for 
the duration of each experiment plus 2 wk. Milk yield 
and BW were recorded automatically at each milking. 
Ambient temperature and pressure were recorded at 
10-min intervals throughout the study using loggers 
placed in the vicinity of each methane analyzer.
To examine sire effects on MERm, pedigree data were 
extracted from farm records. A total of 72 sires were 
identified for 164 daughters in the data set. Thirty-nine 
sires had only 1 daughter, 11 had 2, 7 had 3, 9 had 4, 2 
had 5, 3 had 7, and 1 had 15 daughters.
For comparison with other studies and prediction 
equations, daily methane emissions were estimated 
from MERm data using the equation
methane emissions (g/d) = 252 + 57.2  
× MERm (g/min).
This equation was obtained in our previous study 
(Garnsworthy et al., 2012) using cows monitored on 
farm and subsequently in respiration chambers, and on 
the same dietary regimen as cows in the current study.
To compare MERm-estimated methane emissions 
with conventional estimates, we used the following ap-
proach. Methane emissions are predicted by the Inter-
governmental Panel on Climate Change (IPCC, 2006) 
as 6.5% GE intake, but intake of the PMR could not 
be measured in the current study. Therefore, GE intake 
(MJ/d) was predicted for each week of lactation from 
recorded milk yield (L/d), BW (kg), and concentrate 
intake (kg/d) by 2 methods. The first method used 
IPCC (2006) tier-2 methodology to calculate net en-
ergy requirements for lactation, maintenance, and preg-
nancy, which were then converted into GE intake using 
energy digestibility values of 70% for PMR and 80% for 
concentrates. The second method used Feed into Milk 
(FiM; Thomas, 2004) equations to calculate ME re-
quirements for lactation, maintenance, pregnancy, and 
BW change, which were then converted into GE intake 
using energy metabolizability values of 62% for PMR 
and 71% for concentrates. In both methods, energy 
intake from recorded concentrate intake was subtracted 
from total energy requirements to predict energy intake 
from the PMR.
Statistical Analysis
All statistical calculations were done using the Gen-
stat 14 statistical package (Lawes Agricultural Trust, 
Rothamsted, UK).
Table 1. Formulation and composition of the partial mixed ration 
(PMR) fed to cows throughout 5 mo of monitoring methane emission 
rates during milking 
Item Value
Ingredient (g/kg of DM)
 Grass silage 132
 Maize silage 319
 Whole crop silage 126
 Rape straw 50
 Sugarbeet pulp 96
 Rapeseed meal 132
 Soybean meal 84
 Fat supplement1 23
 Minerals + vitamins2 37
Composition
 DM (g/kg) 461
 ME (MJ/kg of DM) 11.2
 CP(g/kg of DM) 168
 NDF (g/kg of DM) 359
 Starch (g/kg of DM) 136
 Oil (g/kg of DM) 48
 Forage (% of DM) 63
1Megalac (calcium salts of palm FA; Volac International Ltd., Royston, 
UK).
2Bibby HiPhos (ABN Ltd., Peterborough, UK), containing calcium, 
18%; phosphorus, 10%; magnesium, 5%; salt, 17%; copper, 2,000 mg/
kg; manganese, 5,000 mg/kg; cobalt, 100 mg/kg; zinc, 6,000 mg/kg; 
iodine, 500 mg/kg; selenium, 25 mg/kg; vitamin A, 400,000 IU/kg; 
vitamin D3, 80,000 IU/kg; and vitamin E, 1,000 mg/kg.
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Diurnal variation in MERm was assessed using a 
general linear model with hour of day when milking 
occurred as the only factor. Effects of ambient tempera-
ture and pressure on MERm were examined by regres-
sion of daily and hourly MERm means, averaged over 
all cows, against daily and hourly mean, maximum, and 
minimum temperatures, and pressure.
Weekly mean MERm data were analyzed as linear 
mixed models including repeated measures using the 
residual maximum likelihood (REML) procedure. The 
model fitted fixed effects for BW (continuous), milk 
yield (continuous), parity (classified according to lac-
tation number as 1, 2, 3, and ≥4), pregnancy (1 = 
pregnant during a lactation; 0 = not pregnant during 
a lactation), and week of lactation (discrete). For the 
random effects of the model, individual cows represent-
ed subjects, and weeks of the study represented time 
points for repeated measures. As the correlations be-
tween successive measurements on the same cow were 
assumed to decrease with time interval between mea-
surements, an autoregressive error correlation model of 
order 1 was used. The fixed effect of pregnancy was not 
significant, so this factor was excluded from subsequent 
models. The significance of fixed effects was assessed 
by Wald tests and F-ratio tests, and random effects 
by likelihood-ratio tests. Coefficients of variation in 
MERm between and within cows were calculated from 
the variance components of the model. Repeatability of 
ranking according to MERm for individual cows across 
time was examined by calculating the Spearman rank 
correlation coefficient between monthly mean MERm 
of individual cows for each pair of the 5 mo of monitor-
ing.
For the subset of 164 cows with identified sires, the 
same mixed model was used, with the inclusion of sire 
as either a fixed or a random effect to allow for the 
fact that sires can be considered either as a specific set 
(fixed) or drawn at random from an infinite population 
(random). To examine changes in methane emissions 
with parity and week of lactation, the model was ap-
plied to MERm-estimated daily methane emissions. To 
examine changes in methane emissions with week of 
pregnancy, the model was applied to MERm-estimated 
daily methane emissions for the subset of 130 cows for 
which subsequent calving dates were available, and 
week of pregnancy was used as a fixed effect instead of 
week of lactation. Fitted means for each week of lacta-
tion or pregnancy were subjected to nonlinear regres-
sion analysis using an asymptotic model with addition 
of a linear trend [Y = A + B(RX) + CX], where Y is 
estimated methane emission (g/d), X is week of lacta-
tion or pregnancy, and A, B, C, and R are fitted param-
eters that define the shape of the curve. Daily methane 
emissions estimated from MERm data were compared 
with daily emissions predicted by IPCC (2006) or FiM 
equations using Lin’s concordance (Lin, 1989).
RESULTS
Cow Performance Data
Individual cow performance data recorded across the 
5-mo monitoring period were as follows: DIM ranged 
from 1 to 366 (mean 161, SD 98); milk yield ranged 
from 4 to 72 L/d (mean 33, SD 9.1); BW ranged from 
373 to 813 kg (mean 602, SD 70); and lactation number 
ranged from 1 to 12 (mean 3, SD 1.6).
Variation in MERm Between and Within Cows
Considerable variation was observed among cows 
in mean values for MERm over the 5-mo monitoring 
period. The frequency of MERm means, averaged for 
each individual cow across the study, followed a normal 
distribution (Figure 1), with an overall mean of 2.07 
(SD 0.629) g of CH4/min and a range from 0.57 to 3.6 
g of CH4/min.
When the mixed model was fitted to MERm data, 
significant fixed effects were found for BW (P < 0.001), 
milk yield (P < 0.001), parity (P = 0.002), and week 
of lactation (P = 0.016). Whether or not a cow was 
pregnant during a lactation did not affect MERm (P = 
0.12), so the term for the fixed effect of pregnancy was 
excluded from the model. Examination of the compo-
nents of variance in MERm estimated for the random 
effects in this mixed model revealed that the component 
for individual-cow variation (0.23, SE 0.03) was greater 
Figure 1. Frequency distribution of individual cows according to 
average methane emission rate during milking over a 5-mo period.
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(P < 0.001) than the residual component within cows 
after accounting for repeated measures across weeks by 
a first-order autoregressive function (0.06, SE 0.02).
When the mixed model was applied to MERm data 
for the subset of 164 cows with identified sires, signifi-
cant fixed effects remained for BW (P < 0.001), milk 
yield (P < 0.001), parity (P < 0.001), and week of 
lactation (P = 0.009), and the variance component for 
individual cows (0.15, SE 0.03) was greater (P < 0.001) 
than the component for repeated measures within cows 
(0.08, SE 0.03). When sire was included in the model 
as a random effect, the sire variance component was 
not significant (P = 0.14), but sire was significant (P = 
0.025) when included as a fixed effect.
Repeatability of ranking according to MERm mea-
surements was high for individual cows across time. 
Rank correlation coefficients between individual cow 
means in one month and the next ranged from 0.72 
to 0.80 (P < 0.001). Ranking was maintained less well 
for longer time intervals; the rank correlation between 
mo 1 and 5 was 0.55, but this was also significant (P 
< 0.001).
Diurnal Variation in MERm
Variation in MERm according to time of day when 
milking occurred is shown in Figure 2. The herd was fed 
fresh PMR between 0700 and 0900 h each day, which is 
when peak feeding activity was observed, even though 
PMR was available ad libitum throughout the 24 h. 
Methane emission rate rose sharply between 0800 and 
1000 h, remained relatively steady throughout the day, 
and decreased between 1800 and 0600 h.
Temperature and Pressure Effects on MERm
Mean ambient temperature in the barn throughout 
the study was 8.3°C (SD 3.2, minimum −3.0, maximum 
24.0°C); mean atmospheric pressure was 100.5 kPa (SD 
1.36, minimum 97.8, maximum 103.0 kPa). No correla-
tion was found between ambient temperature or pres-
sure and MERm (r = 0.22 to 0.33) when daily means 
were examined. Within days, mean, minimum, and 
maximum ambient temperatures followed diurnal pat-
terns, with lowest values at 0600 and highest at 1400 
h. These times corresponded to the lowest and highest 
values for MERm within days, so MERm and ambient 
temperatures were significantly correlated (r = 0.83 for 
mean, 0.81 for minimum, and 0.72 for maximum hourly 
temperatures; P < 0.001). Atmospheric pressure was 
not related to MERm within days.
Estimates of Daily Methane Emissions
Using the relationship between MERm and daily 
methane emissions measured in respiration chambers 
observed by Garnsworthy et al. (2012) for cows on the 
same dietary regimen as in the current study, the over-
all mean estimated for daily methane emissions was 369 
g of CH4/d and the range was 278 to 456 g of CH4/d. 
Fitting the mixed model to these data produced exactly 
the same statistics as MERm data because the conver-
sion equation was a simple linear transformation. Thus, 
significant fixed effects were found for BW (P < 0.001), 
milk yield (P < 0.001), parity (P = 0.002), and week 
of lactation (P = 0.016). Parameter estimates from this 
model predicted that, allowing for all other effects in 
the model, daily methane emissions increased by 0.13 
(SE 0.03) g of CH4/d per kilogram increase in BW and 
by 1.08 (SE 0.14) g of CH4/d per liter increase in daily 
milk yield. Daily methane emissions were greater (P < 
0.05) for parities 2 and 3 than for parity 1 or parities 
≥4 (Figure 3). Daily methane emissions increased over 
the first 10 wk of lactation and were relatively constant 
thereafter (Figure 4). Nonlinear regression analysis of 
model-fitted weekly means produced the equation
daily methane emissions (g of CH4/d) = 407 – 103  
× (0.86WL) – 0.63 × WL,
where WL = week of lactation. This equation accounted 
for 94% of variation in fitted means (P < 0.001) and 
the standard error of prediction was 4.77 g of CH4/d.
When the mixed model was applied to the subset 
of 130 cows that were confirmed pregnant during the 
study, and week of pregnancy was included as a fixed 
effect, the overall effect of week of pregnancy was not 
Figure 2. Diurnal variation in average methane emission rate dur-
ing milking of 215 cows over a 5-mo period. Data points are means 
(with SE bars) of 1,000 to 3,000 milkings monitored at each hour of 
the day.
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significant, although methane appeared to decrease 
from wk 20 of pregnancy onwards (Figure 5). Nonlin-
ear regression analysis of model-fitted weekly means 
produced the equation
daily methane emissions (g of CH4/d) = 413  
– 38 × (0.95WP) – 1.5 × WP,
where WP = week of pregnancy. This equation ac-
counted for 85% of variation in fitted means (P < 
0.001) and the standard error of prediction was 3.5 g 
of CH4/d.
Comparisons with Predicted Daily  
Methane Emissions
Mean daily methane emissions for each week of lacta-
tion estimated from MERm are compared with values 
predicted from observed milk yield and BW data by 
applying IPCC (2006) and FiM (Thomas, 2004) equa-
tions in Figure 6. The IPCC (2006) equations over-
estimated emissions in early lactation by up to 68 g 
of CH4/d (20%) and underestimated emissions in later 
lactation by up to 28 g of CH4/d (7%); FiM equations 
overestimated emissions in early lactation by up to 28 
g of CH4/d (8%) and underestimated emissions sub-
stantially only in wk 1 of lactation by 13 g of CH4/d 
(3%). Lin’s concordance coefficients for comparison 
to MERm-estimated methane were −0.13 (95% CI 
−0.33 to 0.08; correlation −0.18; bias 0.73; P > 0.05) 
for IPCC predictions, and 0.63 (95% CI 0.48 to 0.74; 
correlation 0.81; bias 0.78; P < 0.05) for FiM predic-
tions. Overall means were 379 (SD 16.4) g of CH4/d for 
MERm-estimated methane, 383 (SD 18.7) g of CH4/d 
for IPCC-predicted methane, and 383 (SD 14.4) g of 
CH4/d for FiM-predicted methane.
DISCUSSION
The findings of this study have implications for na-
tional inventories, mitigation strategies, and methane 
monitoring. For the first time, methane emissions have 
been estimated concurrently in over 200 individual ani-
mals fed on the same diet and housed under commercial 
conditions over a prolonged period of time. This has 
Figure 3. Average daily methane emissions by cows in different 
parities estimated from individual methane emission rate during milk-
ing monitored over a 5-mo period. Bars show means (with SE bars) 
fitted by the mixed model. Parity was classified according to lactation 
number as 1, 2, 3, and ≥4.
Figure 4. Change in daily methane emissions with week of lacta-
tion estimated from individual methane emission rate during milking 
monitored over a 5-mo period. Data points are means (with SE bars) 
fitted by the mixed model; the line is from a nonlinear regression 
model applied to fitted means.
Figure 5. Change in daily methane emissions with week of preg-
nancy estimated from individual methane emission rate during milk-
ing. Data points are means (with SE bars) fitted by the mixed model; 
the line is from a nonlinear regression model applied to fitted means.
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revealed a high degree of variability between individu-
als, which needs to be accounted for when compiling an 
inventory or testing the success of mitigation strategies. 
Variation between cows was significantly greater than 
variation within cows, suggesting that MERm estimates 
result from real and consistent differences between cows 
in their rate of methane emissions by eructation during 
milking.
Level of Variation
In classical feed evaluation studies, animal variation 
in methane output was minimized by feeding fixed 
amounts of food to animals in respiration chambers; 
nevertheless, significant variation between animals 
remained. Blaxter and Clapperton (1965) analyzed 
results of 23 investigations in which sheep were offered 
the same amount of the same diet and 30 investigations 
in which intake was scaled according to BW. In both 
analyses, differences between individual sheep were 
highly significant and the ratio of between-animal to 
within-animal variation in methane output was 5 for 
fixed intake and 12 for scaled intake. Coefficients of 
variation were 7 to 8% between animals and 5 to 7% 
within animals.
Variability between animals in methane output was 
greater in studies where feed was offered ad libitum. 
Yan et al. (2010) analyzed data from 20 energy me-
tabolism studies involving 579 lactating dairy cows fed 
ad libitum in respiration chambers and found a coef-
ficient of variation between animals for daily methane 
output of 17.1%, which was of similar magnitude to the 
coefficient of variation for daily GE intake (19%). Ellis 
et al. (2010) summarized results from 16 calorimetry 
studies of dairy cows in which coefficients of variation 
ranged from 3 to 34% for methane output and from 2 
to 19% for DMI; studies with greater variation in DMI 
reported greater variation in methane output. Grainger 
et al. (2007) used both respiration chambers and the 
SF6 technique to measure methane output by lactating 
dairy cows fed ad libitum and reported that variability 
between cows was substantially higher than variabil-
ity within cows, and was higher for the SF6 technique 
(CV = 19.6%) than for the chamber technique (CV = 
17.8%).
Variability in methane output measured by the 
SF6 technique was greater in grazing animals than in 
housed animals in the analysis of Vlaming et al. (2005) 
who analyzed data from 643 sheep and dairy cows in 22 
experiments and found a coefficient of variation of 25% 
for sheep and 21% for dairy cows indoors, compared 
with a coefficient of variation of 36% for sheep and 31% 
for dairy cows grazing outdoors.
In the current study, the coefficient of variation for 
MERm in the 215 cows observed over 5 mo, estimated 
from variance components of the mixed model, was 
18.9% between cows and 11.5% within cows. These val-
ues are of similar magnitude to those found by Vlam-
ing et al. (2005), Grainger et al. (2007), and Yan et 
al. (2010), but greater than levels of variation seen in 
studies involving respiration chambers with restricted 
feed intake (Blaxter and Clapperton, 1965). Feed intake 
could not be measured in the current study because 
cows were housed under commercial conditions, but the 
coefficient of variation for daily milk yield was 32.9%, 
suggesting that variation in MERm could be associated 
with high variation in intake. Although the coefficient 
of variation for MERm is greater than for some respira-
tion chamber studies, Clarke and Hannah (2007) dem-
onstrated statistically that an increase in coefficient of 
variation for a measurement technique may not lessen 
the precision of the result, provided that more measure-
ments are taken.
Sources of Variation
BW, Milk Yield, and Feed Intake.  Most studies 
agree that DMI is the main driver of daily methane 
output, although methane output per kilogram of DMI 
decreases with increasing feeding level (Blaxter and 
Clapperton, 1965; Grainger et al., 2007), with increas-
ing diet digestibility (Blaxter and Clapperton, 1965; 
Yan et al., 2010), and with increasing proportions of 
concentrates or lipids in the diet (Moss et al., 1995; 
Beauchemin et al. 2009). In the current study, BW 
Figure 6. Daily methane emissions for each week of lactation es-
timated from individual methane emission rate during milking moni-
tored over a 5-mo period (), or predicted from recorded BW and 
milk yield using IPCC (2006) equations () or using Feed into Milk 
(Thomas, 2004) equations (Δ).
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and milk yield accounted for significant proportions 
of variation in methane emissions. Both BW and milk 
yield were positively related to MERm, which, for milk 
yield, confirms our previous observations (Garnsworthy 
et al., 2012). It is likely that these effects are mediated 
through increasing DMI with increasing BW and milk 
yield, although differential responses to PMR and con-
centrate intakes would have reduced the strength of the 
relationship between milk yield and MERm because 
higher-yielding cows would have higher DMI, but also 
would have been offered more concentrates.
Diurnal Variation. Variation in MERm with time 
of milking (Figure 2) showed a distinct diurnal pattern 
that is remarkably similar to diurnal patterns seen in 
methane emissions for individual dairy cows in respira-
tion chambers (Grainger et al., 2007), for groups of 
housed dairy cows monitored at ventilation inlets and 
outlets of barns (Kinsman et al., 1995; Amon et al., 
2001), for grazing cattle monitored using point-source 
dispersion (McGinn et al., 2011), and for grazing cattle 
and sheep monitored in polytunnels (Lockyer, 1997). 
The fact that individual cows and groups of animals 
show similar diurnal patterns of methane emissions 
monitored with various techniques suggests that this 
variation is linked to an underlying pattern in animal 
behavior, digestive physiology, or ambient conditions.
For dairy cows housed in respiration chambers or 
in herds with traditional milking systems, both feed-
ing and milking usually occur at fixed times each day, 
which induces a degree of synchrony among cows. In 
grazing dairy systems, milking times are usually fixed, 
and groups of grazing cattle and sheep normally exhibit 
set patterns of grazing, ruminating, and resting behav-
ior (Lockyer, 1997). In the current study, although the 
time of fresh PMR allocation was the same for all cows, 
so feeding behavior might be synchronized, milking 
times were not; milking times must be different for ev-
ery cow in a robotic milking system, and cows present 
themselves for milking throughout the 24 h. Thus, the 
diurnal pattern in MERm is most likely related to time 
of PMR feeding, but not to pattern of milking times 
or concentrate feeding (concentrates were fed at each 
milking).
Ambient temperature and MERm followed similar di-
urnal patterns and were significantly correlated within 
days. Fluctuations in ambient temperature were greater 
between days, however, and were not correlated with 
mean daily MERm. Furthermore, the methane analyzer 
corrects concentrations for ambient temperature, and 
the temperature of air expelled from the cow’s nostrils 
will be relatively constant compared with ambient tem-
perature. We suggest, therefore, that diurnal variation 
in MERm is not caused by changes in ambient tem-
perature, but is due to synchronized feeding behavior 
of the herd.
Because each individual cow was milked at differ-
ent times of day and night, it could be surmised that 
milking pattern, or time since consuming PMR, might 
account for some of the variation between cows. The 
data do not support this supposition, however, because 
neither including time of milking in the model, nor 
adjusting MERm values for herd diurnal variation ac-
counted for a significant portion of the residual varia-
tion in mean daily MERm. The likely explanation for 
this lack of effect is that the 2 to 4 milkings per cow 
per day occurred at times of low, medium, and high 
methane emissions, thus cancelling effects. Correction 
for diurnal variation might assume greater importance 
when MERm is measured in dairy herds where all cows 
are milked twice daily at fixed times.
Genetics. Variability among cows offers the po-
tential for genetic selection of animals that have lower 
methane emissions per day or per unit of product. 
This is an attractive mitigation strategy because ge-
netic improvements are cumulative and permanent. 
The possibility was dismissed by Martin et al. (2010), 
who concluded that the genetic component of methane 
production was low because ranking of animals for 
methane emissions was not consistent. However, their 
conclusion was drawn from studies with low numbers 
of animals: Goopy and Hegarty (2004) used 8 Angus 
steers; Münger and Kreuzer (2008) used 10 lactating 
cows from each of 3 breeds (Holstein, Simmental, and 
Jersey); and Vlaming et al. (2008) used 4 nonlactating 
Friesian × Jersey dairy cows. These studies found that 
ranking of animals for methane emissions changed over 
time or when animals were fed different diets.
In the current study, repeatability of ranking accord-
ing to MERm for individual cows was high across time, 
and in Garnsworthy et al. (2012) it was high across di-
ets. Furthermore, a significant sire effect was observed 
for a subset of cows with known pedigree when the spe-
cific sires were examined as a fixed effect. The lack of 
significance when sire was included as a random effect 
can be explained by the low level of replication within 
sires; more than half of the sires were represented by 
only 1 daughter. Consistent differences between animals 
are encouraging for possible genetic selection, but fur-
ther studies are needed, with a greater number of cows 
under different environmental conditions, and with a 
more structured genetic population, before heritability 
can be estimated reliably. Should the findings be sup-
ported, it would not be difficult to screen large numbers 
of cows under commercial conditions. We estimate that 
a representative profile of individual cows in a whole 
herd could be obtained in 7 to 10 d using our method.
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Estimated Daily Methane Emissions
To provide information in units used in inventories, 
daily methane emissions were estimated from MERm 
data using the equation of Garnsworthy et al. (2012) to 
predict equivalent methane yields in respiration cham-
bers. This approach is justified because cows were on 
the same dietary regimen in both studies, but further 
work is needed to validate equations for widespread use 
with different diets. The mean and range for estimated 
daily methane emissions were of similar magnitudes to 
those reported in other studies (e.g., Grainger et al., 
2007; Yan et al., 2010).
The increase in estimated daily methane emissions 
over the first 10 wk of lactation is consistent with ex-
pected increases in DMI as milk yield increases. The 
persistency of estimated methane emissions in later 
lactation does not, however, concur with expected de-
creases in DMI. A possible explanation is that although 
DMI might decrease in later lactation, the proportion 
of forage in the diet would be increasing, leading to 
higher methane emissions per unit of DMI.
The apparent decrease in estimated methane emis-
sions after wk 20 of pregnancy is somewhat surprising. 
In energy evaluation systems, such as FiM (Thomas, 
2004), pregnancy has an exponential additive effect on 
energy requirements, leading to prediction of increased 
GE intake above the requirements for milk production 
and maintenance. Weekly means shown in Figure 5 
are outputs of the mixed model after adjustment for 
average BW and milk yield per cow, so the decrease 
in methane emissions with advancing pregnancy most 
likely reflects decreasing milk yield within cows.
Comparison of estimated daily methane emissions 
with IPCC (2006) predictions revealed poor agree-
ment when considered at different weeks of lactation, 
although annual means were similar. It has to be ac-
knowledged that IPCC (2006) is designed to estimate 
annual methane emissions, so BW is used only to pre-
dict energy requirements for maintenance, and energy 
requirements for pregnancy feature only as a function 
of maintenance. The main driver of IPCC-predicted 
methane emissions at different stages of lactation is, 
therefore, milk yield. Methane emissions predicted by 
using FiM equations showed much better agreement 
because BW change and stage of pregnancy contrib-
uted to prediction of energy requirements and energy 
intake; in early lactation, BW loss decreased energy re-
quirements; in later lactation, BW gain and pregnancy 
increased energy requirements. Further work is required 
to confirm methane emissions estimated from MERm 
against measured energy intake at different stages of 
lactation. The current findings demonstrate, however, 
the importance of allowing for stage of lactation in any 
comparison of methane emissions between cows.
CONCLUSIONS
It is concluded that methane emissions vary consid-
erably between dairy cows housed under commercial 
conditions, but ranking of cows for methane emissions 
is consistent across time. Variation is related to BW, 
milk yield, parity, and week of lactation, in accordance 
with changes in ME requirements. This variation needs 
to be taken into account when performing inventories 
or testing mitigation strategies, but variation might 
also offer opportunities for genetic selection.
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